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APS25ACT

Am implicit finite-difference (IFD) comiuter zcdel has

develcped ty Jaeger to solve the parabolic eguaticn. The
model 1reserves contituity cf iressure and the norial ccmio-
ment cf particle velccity at the ocean bottom where theze is
an interface between aedia with different sound -teeds and
densities. This feature was iiplemented to make tie sodel

more accuzate in a shallcw water environment. The IED
perfczmance in a shallcw water environment is analyzed. 7he
I*D results are compazed with thcse of two other models and
analy2zed in light of tasic physical reasoning. In additicn,
a simile slcping ocear bottom is modeled in an experimental
tank sc that the seasured lressure field can al-c be

comazed to lID model results.

4

-i 9*b tin



* F . a * - *...' a .*......o...

IABLE CY CCUTENTS

1.~~~ 1°EDUTON1

II. EZ 1FD CCMPUUEB MOD!L .. . ... .. .. 12 t

A. EACKGBOUNX . . . . . . . . . . . . . . .. 12

Z. BE COMPUI!B MOD2i . . .. . . . . .... . . 13
' C. 1ODE1 PA RC EIZS/MCM1"EI¢ ATIN:0 .5 . . . ... ...- 4

E. MODEL VERIXICATICN . . . . . . . . . . . . . . 18

1. Ccaparison with Jaeger model Run .... 18

2. Cca~azison with Jensen and Kuperman

Model Sun . . . . . . .. . . . . . . . . 19

.o Ccaparison with Colpens,Huaphries and

Sandexs Model Run ............ 28
4. Ccapaxison with Physical Reasoning .... 30

5. Verification Susuary . . . . . . . . . . . 40

II. IABCBATORY MEASUR MENIS ......... ... 42 ::....:..4

1. EACKGBOUNr ........ ... a. . 42
E. EXPeRIMENIAL DESIGN .... . . . . . . . 42

1 . The Tark 42
2. Signal Generating/Receiving Ejuipmert . . 44

C. EEASUEE8!1 EROCIDUES .. 4..........7

IV. MCDZI RESULT CCREARISCNS WiTH LA2ORATOEY "* ""

BEASOREMENTS 53 "

A. INTROEUCICN 53" .............. . 53
E. 7HE GENERAl ANALISIS ............. 53

C. 7HE DETAIlED ANAlYSIS . . . . . . . . . . . . 64

1. CCliCIUSIONS/ECCMMENLAIIONS . .. . . . . .. 75

A. CONCLUSIOS . . . . . . . . . . . . . . . .. 75

do



1. Perfoxzance of the lED dcde1... 75

2. flcdeling/Reasurement Procedures . . 76

B. BECORMENEJUCNS . . . . . . . . . . . . . . . 76

IPPEUCIX I, REVISIL IlL; PECGFAM LISTING . . . . . . . . 78

IPPEILIX E:- TL CON'ICUR PLOT1 PICGRAB LISTING 0 . 113

APPEMLIX C: RUNNING HEE COATCUR PLOT ON TBE NPS

CONEUTE .... . . . . . . . . . 115

A. INTBOCJJCTICN . . . . . . . . . . . . . . . . 115

E. COPYING TEE FILE ICS USE ..... . . 115

C. hORNING TEZ EROGSA3 . . . . . . . 115

APPENIM E: SOURCE ZIPTIH SENSIIIVITY ANALYSIS .... 117

EIBLICGEAPI!.......... 125

INITIAL L1S7EIBUlION IIS~I .... .......... 127

6



lIST CE FIGURES

;.1 Jaeger's Deel-to-Shallov Water Case ...... 19

2.2 Jersen and Scperuan Sloping Bottom Case .... 20

.2.3 I£ and JKB Comparison at a Range of 2.5 K&, . . 22

2.4 1it and JXI Ccmparison at a Range of 5.0 Kz 23

2.5 11t and JK3 Comparison at a Range of 7.5 KX 24"

2.6 IUt and JKM Ccmiariscm at a Range of 10.0 Ka . . 25 -

2.7 111 and JKS Comparison at a Range of 12.5 KI . . 26

2.8 10 Degree Sixple Sloping Bottom Case . . . . . . 29

2.9 It and CBS2 Compariscn at the Apex . . . . . . 31

.10 111t TL Contcrs(db) from the Source to 604
Meters . . .. .. . . .. . . . . . . .. 33

2.11 IFE TL Contcars(db) from 600 to 1350 Meters . . 3"

2.12 It£ TL Contcirs(db) from 1350 to 2100 Meters . . 35

2.13 1it TL Contcurs(db) from 1550 to 2300 Meters . . 36

.1*4 Icrmal Mode Iropogaticn in a Wedge Shaped

Ocean . . .. .. . . . .. . . . . . . . . . 39

.1 Experimental lank Set Up.. . . . . . . . . . . 43

-3.2 Electronic Icuipment Schematic . . . . . . . . . 46

3.3 Pulse Length Analysis at 3.OX . . . . . . . . . 49

3.4 Pulse Length Analysis at 10.1 . ........ 50

-.5 Pulse length Analysis at 10. 4X . . . . . . . . . 51

4.1 Ccaparison cf Results at 1.Or . . . . . . . . .54

4.2 Ccsparison c¢ Results at 2.11 . . . . . . . . . 55

4.3 Cciparison cl Results at 3.1X . . . . . . . . . 56

4.4 Cciparison cf Results at 4.2X . . . . . . . . . 57

4.5 Ccaparison c± Results at 5.2X . . . . . . . . . 58

4.6 Ccparison cf esults at 6.2X . . . . . . . . . 59

4.7 Ccaparison cf Results at 7.3X . . . . . . . . . 60

7 *%" -.

7.-



4.8 Ccaparison cf Results at 8.3X .... 61

4.9 Ccafarison c¢ Results at 9.AX . . . . . . . . . 62

1.10 Cc;arison c± Results at 10.4X . . . . . . . . . 63

4.11 Ccarison cf Results at 0.7X . . . . . . . . . 65

4.12 Cca~arison cf Results at 0.8X . . . . . . . . . 66

4.13 Cczparison cf Results at I.0X . . . . . . . . . 67

4.14 Ccaparison cf Results at 1.3X . . . . . . . . . 68

4.15 Ccipariso- ct Results at 1.51 . . . . . . . . . 69

4.16 Cczparison cf Results at 1.7X . . . . . . . . 70-

4.17 CcaLarizon ci Results at 1.9X . . . . . . . . . 71

4.18 Ccztarison cl Results at 2.1X . . . . . . . . . 72

4.19 Ccaparison cf Results at 2.3X . . . . . . . . . 73

r.1 Source Sensitivity Amalysis at 1.0X ..... 119

r.2 Measurezents with Scurce Depta of 5, 7, and
9 Ca . . . . .. . . . . . . . . . . . . . .. 120

r.3 eBeasurements with Source Depth of 11, 13,

and 15 Ca .. .. . . . .. . . .. . . . . . 121

E.4 Measurements with Souice Depth of 17, 19,

and 21 Cm . . . . . . . . . . . . . . . . . . 122

E.5 Measurements with Source Depth of 23, 25,
and 27 Cm . . . 123

r.6 Measurements with Source Depth of 29 and 31

.- .

C . . . . .. .. . . . . . . . ... . 124

8;'.i



* ,., -

ICRNOWLIDGE1UN7S

ThE auttor tkank-s ICDR James Nelson, USN, Lor his advice

and assistarce ir. developing many of the graphics Elctting

Frograns. Aipreciaticr is alsc due LT Patrick LeSesne, LSCG,

for his many long hcurs sjunt assisting in the latcratcry

uhile ccz;iling the exerimental data. Thanks ace alsc due

to Pxcfescr Calvin tunlap for his review of the thesis.

".e author also ez;esses his appreciation to Di. Alan

E. Ccilens for his advice and clarification given tc the

theoretical aspects c.t the thesis. linally, the author

thanks Ex. Jaues 1. Sanders for his time and eficrt in

assistin in all aspects of research and thesis preparaticn.

Sithcut the knowledge, patience, and advice of the Cc[pens

and Sanders team this thesis wculd not have been possitle.

9

... . , . *-::



A variety of acotstic models exist to predict transmis-

Sion lo.S. Each of these mcdels contaiLn inherent strengths

and weaknesses. All have shown poor results in a shallow

water envizcnment due to difficulties at the ocean kcttom

where tbere is a~n interface between media of differert sEound

speeds ard densities.
Since its introduction (Hardin and Tappert, 197-J), the

paralclic wave e~uatica has been a widely accepted &tans cf

*soluticm for accustic propagation. The earliest jrcGrams

*used a silit-steE Ecurier transform algoriths to scliie thle

Pk ;aratclic eguation LEI). Severaij other solution techniiues

have teez: develojed 1ximarily to overcome difficulties that

cccur ihken the Fouxier transform encounters an ixtetace

ketweem different media (Lee and Botseas, 1982 and McDaniel

and Itee 1S,2).

In alternative sclution technigue that uses an islicit

finite-difference (III) algorithm was developed by Lee and

E apadakis (1979). Ibis method incorporates a~roknriate

interface conditions and allows solutions in shallow water.

Starting with the IFL algorithm, Jaeger i1983) develojed a

*computer mcdel, to ;redict transmission loss and accustic
; ressure based on user specified bottom to~ographj ard a

single scund speed 1tofile. Ihis computer model uses the

uatheiatical treatmert of the horizontal and sloping inter-

faces developed by Bcflaniel and Lee (1982) and CEe and

McDaniel (1S83) . It also utilizes several design features

and zetkcde inccrpozated in an earlier co~puter prcgram

develcled by Lee and Eoteas (1582), and a PE computer nodel,

develcled by Brcck (1M7).

10



" e N D program preserves continuity of pressure and

contiruity cf the normal component of particle velccity at

an interface between media having different scund speeds and

densities. This feature makes the prcgram uconditicrally

stable and better able to handle the bottom kcurdary

conditicr.
Since its develcment, the IFD irogram has zct rcen

rigorcusly tested. This thesis analyzes the prcgaalrs

perfcimarce in an idealized shallow water environment. :he

envircnert includes a simple sloping sand bottom beneath aL

isospeed water field. The aralysis begins by comparinG the

IFD's predicticns uith predictions frog Jerscn dud

Nuperian's (1980) P model and Coppens, Humphries and

Sandex's (1S84) imase model. The analysis also includes a

compaxiscn of the ecdel's estimated transmissicn icss

contcurs with expEctations based on simple 1nysicai

reascming. finally, tie thesis describes an attempt tc acdei

a shallcw sloping bottom in an experimental tank. The tank

contains a sand bottcm sculitured with a ten degree slope.

laboxatcry measurements ci the pressure field are taken at a

frequency cf 100 kH2 for ccmparison to the predicted jres-

. sure field cenerated by the IED. These comfariscns cf the

J lED predictions witi cther model estimates, theory, and

laboratory measuremen.ts jive an indication of the IFE's

perfcrmance in a shallcw water environment.

............. °.- ... .***..**** .*
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1. EICKGICUND

AL izalicit finite-difference solution techaigue tc the

;aratclic eauation has been studied and refined ly many

authors. The historl of this development is explained in

detail by Jaeger (19-8), but merits review in order tc gain
a perspective on an azalysis of the IFD computer model. lae
;aratclic equation is an aiproximation to the elliEtical
%ave eguatic.n The first means of solving the PI used a

split-step fast Fourier transform method as develcped by
lapEert and Hardin (1973). This method reguires jeriodic
boundary conditicns ir depth because of the finite Fourier
transtcra and handles this constraint by introducinr an
artificial horizontal pressure release bottom belcw the
actual physical bottca. This method of iaplementing an
artificial bottom was inccrpcrated into the earliest PE

models developed by Jenson and Krol (1975) and Brock (1S78).

Etrcts in this split-step Fourier transform methcd were
found tc be prolorticaal to the horizontal range steF and
the second derivative of the index of refraction. The seccnd

derivative of the ixdex of refraction tends to be large
across tie ocean bottcm interface. Another problem with the

split-step method is that it does not consider density

differences between two different media at an interface,

which influences the reflection coeificient. for these
zeascas the split-ste; fourier transform methcd pr'ved to be

;oorlj suited for a stallow water environment.

The IFE soluticz method was introduced by lee and

Eapada.uis (1979) as ax alternative to the split-step method.
The 1ID method emplcys a seccnd order central difference

12



% formula to solve the ZB in the fcZrm of a tridiagonal matrix.

&lthccgh the first'vezsion of the IFD did handle discontiru-
itie inthe scund speed profile, it did not consider 1

density discontinuities. in 19e2 McDaniel and Lee intrcduced

a metkcd tc hardle a horizcntal interface of different

densities. In 1983, they extended their treatient to
include a sloping interface.* It is this version of the 1FD L

- that is used in Jaegei's comnfuter program.

* I. 2IEZ CCIEUTBR EOD!L

11he 111; computer Irogram consists of a main prograx amd

-tventjy sukrcutines. The prcgaff utilizes a modulir ccnstruc-

*tion sc that each of the various subroutines are called from

* the main Frogram to ccmplete a specific calculation cr fianc-

- tion %ben xequired. The lED is run interactively from a

2user generated input file thiat contains values for

f requency, one sourd speed profile, a bottom lrctile,

soure/receiver- depths, attenuation coefficients for tcth

the vatex and the bottom, amd several other impat paraseters

* that tell tke the prc~ram where to obtain a solutior witbin

*the field. The progian initiates the calculations assuming
* an initial Gaussian Iressure field and an artificial 1res-

sure release surface at a user specified depth.

Itteruation in Loth the vater and taie sedimert is

handled as complex indices cf refraction. An artificial

attenuation layer is established beneath tle 3edimrent to

introduce attenuatiox above the artificial pzessure release
surface. 7he actual aagnitude oi this enhanced attenuation

*is calculated using ax equation derived by Brook (1978) for

use in his ZZ computex model.

lie 11D program steps along the specified bottcm irclile
and zakes calculaticns down through the water/sediment,

columm at each user specified horizonal range. The ;rcgram

1.3
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requires that the bcttcm intersect exactly at a vertical

grid ;cirt. As a result, for a sloiin 9 bottom the jrcgrax

automatically calculates the range step to fulfill this

Zequirement. This ccmputer generated range step is always
less than ci egual tc the user frovided range step. As the

slope of the bottom increases, the range step must decrease

and tore calculations and computer time are reguired to

solve tte entire pressure field. In some situations a-

actual mcdification cf the user inputted bottom is reguired.

1his cccurs with a very gently sloping bcttom when the

reguired rarge step exceeds the user specified rarge step.

Bere, the program automaticall models the bottcm as a

series cf level and sloping sections in order to ensure the

user Senerated range step is nct exceeded. This mcdification

cf the Icttcu is always less than or egual to one-half the

vertical grid spacing and the model issues a warnirg tc the

user cf the uodificaticn.

Ectb printed and graphical output are provided by the

l1D. The 1rinted output prcvides transmission loss and the

real and itaginary ccponents of the pressure field at each

depth for a specified hcrizcntal range. The graphical cutlut

is a lict cf transaission loss versus range at the user

specified receiver depth.

C. ECCEI I:OBLEMS/BCEPICA21CBS

As this study of the IED Ircgram progressed, it became

necessary tc modify certain aspects of the model. Mcst of

these mcdilications mere necessary to alter the prcgram

output irtc a acre desirable fcrm, but a few were isple-

zented tc correct picgramaing deficiencies. Although this

secticn cf the thesis discusses the earliest model ruts,

these results are rot presented in detail, but orly

discussed in general terms tecause they were obtained before

14
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the cciluter model was fully modified. All modificaticns

were zade cnly after careful analysis of multiple model

runs. It is important to realize that all results generated

for ocuparison to otker models and laboratory measuresents ,.

came fic a fully modified version of the IFD.

Since the ultizate otjective of this study was to

compare 2FD model results with laboratory measurements the
;rogram was first ruz with irput parameters which exactly

modeled ccnditions in tme tank. The experimental set up,
explained later in great detail, consisted of a tan.k that is
approximately two meters in length, one meter in depth, with

.. a ten degree slcping sand bcttcm and a maximum water depth

of 35 centizetersicm). Based on a test case run ty Jaeier
(1983) cf a simple sloping bottom, and by results shcut by

Jensor and luperman 11980) for propagation in a wedge-sbaped

ccean, it was expected that there would be certain recc niz-
able patterns in the predicted propagation patterns.

Specifically, since tke speed of sound in the bottom exceeds

that in the water (fast bottom), the simple sloping bottom
suppcrts trapped nczmal mcde propagation (Coppens and " -

Sanders, 1981). As the acoustic energy travels upslcpe
towazd t1Q apex, successively lower modes are cut cti and

the energy contained in these modes is transmitted intc the

bottm. The range from the apex at which energy of the

lowest wcde is transmitted into the bottom is referred to as

the dues distance and is a function of wavelength, sedge

angle, and the ratic of sound speed in the water tc the

sound s;eed in the sediment. An empirical equaticn that

defines this dump distance was derived by Coppens, Sanders,

Ioanncu, and Kawamuza (1978); and was used to identify the
expected ranges of these dump distances for the given

scenario described alcve.

Ike Initial unmodified lED run used the parameters taken
from the tank and showed to recognizable patterns it the

e', ° • , °° . . • ° , , ,,...............................................,... • -, -. ° ., ,......,



* acoustic field. There was no observable decrease in trars-

- issica Ice~at the various dump distamces as expected.

Sathexr, results indicated widely fluctuating patterns in the

acoustic lield that appeared inconsistent with both Irevicus

studies and simple physical reasoning. Upon closer analysis,

it was disccvered that although tme program was designed to

le imdependent. of scale there are several logic statesents

that axe not impleMerted if the user provided range step is

less that one meter. Because the logic statements axen't

satisfied, the iIEWSEG and NERMIT subroutines (Jaeger, 1963)
are nct called correctly. The NEWSEG subroutine initializes

* the kcttca slope and the NEVRAT subroutine computes matrix

* elements for the prc~ran. obviously, errors in these two

* prograx functions seriously distort results. Because of this
systematic error in tke progran it became necessary tc scale

up all tank parameters. Ill distances were scaled up by a

* .actcz of 1000, and frequency was scaled down by a iactor of

1000. Careful analysis reveals that all input parameters are

a furcticm ci either distance or frequency, so this scaling

produces results that model thcse expected in the tank.

The second modification of the 1ZD was reguirced to

provide a three dimensional graphics display. As discussed

earlier, the MY prcvides a transmission loss Flot versus

range at a single depth. Iicvevers to study the zodel

predicticns in greater detail it was felt that a twc dimen-

*sional aralysis cf tte model estimates would be acre mean.-

* ingful. As a result a transmission loss contouring program

*was developed. The liogram (Apjpendix B) displays tranusmis-

*sion loss contours for range versus depth. Use of the

* contcur 1lct requires that transmission loss values gener-

ated ky the 1FD be sent to a data disk used by the contour

routire. Ic facilitate this transfer a dummy variahle (L11D)

* was astaklished in the PRIN112 subroutine to store the trams-

* missica loss values amd then these values are writtet tc the
data disk at the end of the aln program.

16
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Jactkez modification of the IFD output was required to

chanSe tte real and iiaginary, components of the pressure to

a single pressure anilitude magnitude. It was felt that

dealing with the piessure magnitude was easier ard mcre

-eaninful than witt the real and imaginary components of

the pressure field. This ccnversion was done in the PSINT2

subroutire and established a new variable (PRM5G) tc repre-

sent tke pressure magritude.
A final modification in the computer program was made

due tc a suspected errcr in the computation of the attenua-
tion in the artificial layer. Physical reasoning dictates

that zcper implemertation of the artificial attentuation
would result in a steady drcp off in acoustic pressure with

depth throushout the artificial layer, with pressure drop-

ping tc zero at the pressure release surface. IlL acdel
results cn the other .and showed wide fluctuations in pres-

sure bitb depth in tte layer and then only a minizal fall

cff at tte pressure release surface. The equaticr in the

IFD that actually comjutes the magnitude of the attenuation

in tte artificial layer was taken directly from Ercck's

4197E) Pl mcdel Jaecer, I83). However, Brock's equation

was derived with feet as the unit of measurement while

4aeger's model is derived witb meters as the unit of ueas-
urement. hith this in mind, Jaeger's equation sbcula be
apprcsimately a factcr of three larger than Brock's equation

to ccrect for the difference in units. To correct for this
error the equaticn tc calculate attenuation (TT(I)) in the
MEWRIT sutrcutine was increased by a factor of three. Wien
this ccrrection was isplemented, the large fluctuations in
*ressure with depth were eliminated. The expected drop cff
in pressere with depth and the fall oft of iressure tc zero -
at the pressure release surface were noted.

I listirg of the revised IFD compater program witb all

modificaticrs can be seen in Ippendix A.

17
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Z. aCEIl VERIPICATICI

1. kC414li1scn 1 2 ode- Run

In light of the modifications to the IFD cczEuter

Frogras just discussed, it was necessary to ensure that thi- "-."

the cbanSes theiselves did not introduce errors iztc the

model. So as a first step the modified 1FD irogram was run

for cze of the test cases used by Jaeger in his originai
tork. Ibis case analyzes propagation in aL environment tiat
zoves fxca deep to stallcw water. This particular envircn-

zent i* depicted in figure 2.1 and was chosen because it was
very sizilax to the simple sloling bottom in the tank exler-

iment. A scluticn is obtained for a bottom with an uslcpe
cf 8.! degrees. An isosFeed water field is used w.ti sound

speed set at 1500 xis. Scurce frequency is 25 Hz. 2he

*. scenario has a maximua depth of 350 meters and a range cf 40
-.* kilcieters. Both the source and the receiver are set at 25 ..-

seters..

7he results using the irodified IFD program erE the
same as Jaeger's fox this test case above the artificial

- atteruation layer. As explained earlier, the prcgraz %as

modified tc reflect higher attenuation in the artificial
layer, so as to prcierly reflect the effect of attenuation -

. in this region. The modified program results did nct show
* the large fluctuaticts in pressure with depth in the artiti-

cial layer but ratker the gradual decline in Fressure

towards a value of zezo at the pressure release surface. Eut

above the artificial layer the modified program results were

identical with those achieved by Jaeger with the criginal
program. Apparently, the uinci changes in the prcgra"
designed to improve cn the form of the program output does

mot hinder the model's ability to achieve a soluticr in the
upper sediment and water column.

, . -. . - .-- .-...-.-.. - ".-- .. . - . : .. -.... - .- . " .... . . . . .-..-..... . " . ,**.."* .-.. *- *... .. - ... -.. .



FREQUENCY - 2.0 HZ

SOURCE DEPTH- 25 M.

I- SEDIMENT
0.
W

ARTIFICIAL LAYER

1000
0.0 10.0 20.0 . 30.0 40.0

RANGE(km)

figure 2.1 Jaeger's Deef-to-Shallow Water Case.

2. Ccalariscn wit Jese and jKu.jjz Model Ru

The second attempt at ventfing the IEL zcdel

invo.Jved a compaxiscm of model results with those achieved

vitb a El model desiSned by Jensen and Kuperman (1980). 7he

Jenser and iRupernan Mcdel (JKIS) uses a split-step solution

techtigue. Coupariscr with this particular model was chosen

lecause it is one of the few that obtains a soluticr ir two

dimensicts. Most acotstic models obtain a solution at only a

single depth. In addition, Jensen and Kupenman made their

zodel xrs in a simple sloping ccean bottom environzmnt very

siailax to the scenaiio of interest modeled in the tark.

This ezvircnment is depicted in Figure 2.2 and features a

gentll sloliang bottos of 2. 2 degrees. The water coluan bag a

d6s



unitcxz speesd of 150C z,1s. The source is placed just telow

the uldrcint in the channel at 112 meters and is driven at a

frequency cf 25 Hz. The maximum depth in this scerario is

200 zeters and has a maximum range of 12.5 kilometers.

The Jensen and Kuperman results were ex~ressed as

FREQUENCY - 2.5 HZ.
SOURCE DEPTH - 112 M.

200-

SEDIMENT
'WL 600

800,
0.0 2.5 5.0 7.5 10.0 12.,

RANGE(km)

ligure 2.2 Jensenc and Ruperman Sloping Bottom Case.

transilssion loss ccztours fcr range versus depth. Their

study ccmcentrated cm transmission loss patterrs in the
*sediment, tut results were cbtained both in the sediment and

* in the water. These results are compared to the IFD results

.at ranges ct 2.5, 5.C, 7.5# 10.0, and 12.5 kilometers. These
ranges %ere chosen for analysis because the JK3 results
shoved the greatest variaticm in transmission loss with

20



depth and thus, sakes for a more meaningful compariscn with

the lir results.

he IFD and ,KA results can be seen in figure 2.3
throuSb figure 2.7. In all the figures, the IFD estimates

are stcwr as a solid curve bbile the Jensen and Ruperian

results are depicted as circular joints. The first analysis

is at a xance of 2.5 kilometers. From Figure 2.2, it can be

seen that tie depth at this range is 200 meters and is it a
flat lottom region. From the results shown in Figure 2.3,

it is ckvicus that kcth mcdels obtained almost identical

results frcm the stiface dcn to a depth of abcut 300

meters. 7here are differences between the two sets of

;redicticns from the ocean bottom to a depth of 100 meters

telow this joint. Eelow 300 aeters the Jensen and Kupersan

results shob a very slight increase in transmission loss
(1L) bith depth. The IFD also shows an overall increase in

tanssissicr loss with depth but with several fluctuaticns
in tiaslission loss and a marked peak at about 300 meteis.

So in general, the results frc the two models have the same

general tendencies although the IZD appears to shcw greater

detail in results near the water/sediment boundary.

figure 2.4 skcws results at 5.0 km in range. Here,

the water depth is still 300 meters and marks the very

keginrirg cf the sloling bottom section. For this range the

JKA predictions are cily available to a depth of 300 meters.

The results are nearlj identical with those obtained by the
IZD. Both models show a relative minimum in transmission

loss at a depth of ICO meters and then a gentle increase in
7L with depth.

The model results at a range of 7.5 km are seen in

ligure 2.5. It this range the bottom depth is atcut 150

meters and the bottcm is slciing. The models show the
greatest difference at this range. Both models Ercduce
nearll identical results in the water column, but beneath
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TronsmLssLon Loss (Hb)
50.0 60.0 70.0 80.0 90.0 100.0 110.0 123.0

0 - o-

100.0 .

E

-c 300.0-

a)

400.0-

500.0 - IFD MODEL VALUES

0 JKM VALUES

500.0"

R9NGE - 5.0 KM

Figure 2.4 IFD and JKI Comarison at a Range of 5. i u.
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TransmLssLon Loss (db)
60.0 70.0 80.0 90.0 100.0 110t. 0

0.0-

100.0- 0
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-C 300.0-0

400.0-
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Priguze 2.5 IFE abd JKIf Camlparison at a Range of 7.5 An.
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TransmLssLon Loss (db)
60.0 70.0 50.0 90.0 100.0 110.0

0.0-
P

0

100.0- 0

ES

-c 300.0-
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500.0 - IFO MODEL VALUES
0 JKM VALUES
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Figuze 1.6 IFC and JKNI Ccn~arison at a Range of 1C.0 Ka.
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Transm:.ssLon Loss (d,,b)

0.-70.0 80.0 90.0 100.0 110C..0 120.0

100.0-

-C 300.0-

400.0-

500. 0 -- I FD MOiDEL Vt9LU-,
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Figuze 2.7 IPL and JKll Cez~arison at a Bange of 12.5 Ki.
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150 geters in deith the mcdel estimates tegin tc stow

differences. The Jensen and Kuperman results show a gradual
increase in TL with depth below the ocean bottom. The 1FD 4
results cn the other kand, shcw a gradual decrease in trans-

tissicn Ics- from 1 C meters to 300 meters, with a relative

zinizum at 300 seters and then an increase in IL teeath
this deith. Although there axe some differences in zodel

estimates near the tcundary in the flat nottom sections
previcusly discussed, the differences appear to be greater

at the bourdary in this slcling bottom case. It thcse
regions away from the bcundary in either the water oclusn or
in the sediment, hcwever, both models produce similar

results. The JKIS's difficulty in obtaining an accurate solo-
tion at tte sedizent bcundary is not totally unexpected. -he

model eses a variaticn of the straight split-steF solution 4

technique similar tc Brock's computer model (JenseL and
Kuper an, 1980), tkat has cbaracteristically been ursuc-

cessful in cbtaining a reliable sclution near a boundary.
The results at a range of 10.0 km are seen in figure

2.6. At this range the water depth is apiroxiuately 100

zeters and the bottom is again in a sloping region. At this
range Jensen and Kuerman results are only available to
about 15C eters in depth. For the data available, the

models prcdcce nearly identical results. Both models predict

a minizuz at about !C meters in depth and then ar almcst
linear increase in L with depth. The IFD results also

reflect a transmissicn loss sazimum at about 200 meters, and

then a slight decrease of 21 beneath this depth. Data at
these delths are not available from the Jensen and Rulerian

run. In light of the results obtained at 7.5 kz for a
sloping tcttom case cne might expect that the results for

the two scdels wculd show differences near the ocean bottcm.
However, since there is only one Jensen and Kuferman
prediction available near the bottom for this range, it is

27
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difficult tc make any definite conclusions regarding differ-

ences it scdel perfcrmaace at the boundary.

Fesults at tie apex (range equal to 12.5 kin) can be

seen in Fi~jure 2.7. Since all estimates are 3ade in the

sedinmnt at this rarge, there is no boundary tc ccrtend

iith. At this range the two models show the test agreezert.

Both inodels show a gradual decrease in transmission loss to

a depth cf about 300 meters and then a gradual increase of

IL with depth.

In general, there appears to be good aSreezent

betwQen tte IED and the JRH model results in regiors not

influeniced ty a bouzdary. In toth the water and the deep

sediment the tuc models prcduce similar results. Although

this is rot conclusive evidence, these similarities sucgest

that the IIlL can successfully model accustic projagaticn in.

these ze~icrs. Near the water/sediment boundary however, the

JenseE and Kuperman aid ID predictions show marked differ-

ences. 7hese differences appear to intensify as the tcttom

becczes acre sophisticated. In general, the Jenser and

Rupernan results do rot seen to show the detail the JFD

results do. Consideriag the different solution techniques
emplcyed ty the two acdels, these differences in results are

expected.

3- jcq.Earisqu wjiit CoPES,HmPhries and Sarders Eodel

!Ihe third attempt at verifying the IFD periczgance

was dcre by comparing results with an image theory zodei

derived ty Coppeziso Humphries, and Sanders (1984). Ibis

Coppens, Humphries, and Sanders Model (CHSM) uses- a saddle

point alprcximation to an image model tc solve lcr the

acoustic f ield. Both programs were run for the scaled~

scenario ucdeled in the tank experiment. This scenario is

depicted in Figure 2.8 and features a ten degree s.Lcping

2E



kottcs. TkIe maximum water derth for the run is 350 meters

and the saximum range is tvc kilometers. The source gener-

ates a 100 Ez signal and is set at a depth of 175 meters.

FREQUENCY -100 HZ.

*SOURCE DEPTH -175 M.

350-
500

E
SEDIMENT

X00.

ARTIFICIAL LAYER

2000-
0.0 0.5 1.3 1.5 2.0

RANGENkm

figure 2.8 10 regree Sisple Sloping Bottom Case. F-7

7be image model provides soluticns only at the apex.

7he cc&pariscn of pxedicticns at the apex(range equal tc 2

Juilozeters) , can be seen in Figure 2. 9. In the ?igure. the

lED values are plotted as the solid curve while the image
codal values are shown as circular points. The predicticns

are stcwt as values cf norialized pressure amplitude for a

given delth. The different models produce pressure azilitude

values in different urits, and thus, bad to be normalized to

aake a ccmlazrison of values possible. This normalization bas

.66



done tcz each model ly dividing the presssure am litude b"

the mazilul amplitude Eredicted by the model.

7he results suggest that even though the mcdels

predict similar larce scale trends in pressure aailitude

sith ditb, there are several differences in detail. 17 h'"
1.lot shcws that toth the IFE and the izage mcdel predict aa

almost linear increase in azplitude with depth down tc a

specific maximum and then a slow decrease in azilitude

teneatk this maximum. The IT-W however, shows tne maximum at

about 15.5 meters in depth while the imaje model maximum is

deeper at Ic meters. Beneath this maximum the lED shcws 3

auch slatper decrease in amplitude than the image zcdel. The

trend in the image mcdel data appears smooth, while the IfD

* curve reflects several small scale fluctuations.

It appears tkat both models predict similar large

scale trends in 1ressre amplitude for this scenario. it is

"- difficult, if not imicssible, to account for the differences .'..

in detail. As a minimum, hcwever, this comparison indicates
that the two sets cf predicticns are consistent with cne L

another and can be considered reasonable in this shallow

water emvircnment.

4. "jrari~qn Xitb Physical Reason-inG'

fici model cczparisons it appears that the 111 at

least makes a reasonalle estimation of acoustic fields it a
shallcw water enviroraent. IFD results are also analyzed in

ccapaxiscm with basic physical reasoning and theory as a
fourth attempt at model verification. This analysis examines

lFD transmiision lose contcurs for the simEle ten degree

sloping ccean scenaric seen in Figure 2.8. The scenario is

two kilcieters in ram e with a maximum depth of 350 meters.

The tke source generates a signal at 100 Hz and is placed at

Z 175 meters in delth.

30~ ,.*.-.-*.. c*...*** ,... **. *- *.. .. . .
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NORMALIZED PRESSURE AIMPLITUDE
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Ix arsmissicn loss ccntour plots are dis-layed in

figure 2.10 througk Figure 2.13. All T! contours are

expressed it decibels(db) and are shown as a functicn of

depth vexsus range. In all figures, the ten degree slclingj

' kottcs is shown as a solid unlabeled line. The contcur

' plots are displayed over four range subsections due to

computer graphics lisitaticns and to emphasize different

•. "significant features in the field.

-he first fiSure shows transmission loss ccntours

from the scurce to a range of 600 meters. The ccntcurs iz-

the first 250 meters appear very symmetric, increasin ..

outward from the socrce in a pattern that resebles 1hebr-

ical slreading. Since the IFL program assumes a Gaussian-

starting field this early pattern is expected.

TZcs a range of about 300 meters to 603 meters the

field in the water appears tc be dominated by a surface

reflecticn pattern. From the spotty appearance cf the TL

contcurs in this regicn there is an indication of ar irter-

acticn of surface reflecticn and bottom reflecticn on the

contcurs. It is Fossikle to cc~pare transmission loss laxima

with rodes in the scrface interference pattern. Eased on

surface interference theory these nodes should occur where

lKinsier, Irey, Coppezs, and Sanders, 1982):

SIN(khd/r) = 0

cr in ctser words;

khd/r n-.

where:
n = 0,1,2 . . .. '.-.

r =Range

k = Wavemumber(21/)

d - Source Depth

h = Depth of Node

= Wavelength.
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Ey mazipulating the above E*uation it is possible tc s clve
for tie delth at which the ncdes should be observed. for

this particular scenario at a range of 604 meters, rodes

should cccur at integer multiples of 25 meters in depth

125n). Figure 2.IC shows that these transmissicn lcss-
zaxima dc exist as expected, every 25 meters in depth at the

stated range.

Eased on simile physical reasoning one would exect

refractive Lending along the ocean bottom due to density

differences between tie water and the sediment. The ccrtcur

plot reflects a charge in basic pattern at the interface. S
Theze is a lending of the Ti ccntours that suggest a refrac-

tive influexce.

figure 2.11 shows transmission loss contours froa a
range of 60C meters tc 1350 meters. Again in this regicr the

water arpears to be dcminated by suriace reflection. Sclvi..

for the nodes in this surface interference pattern at a

range of 1350 meters, it is found that these nodes siculd

appear every 55 metezs in depth. From the figure it is again

seen that 71 maximums do occur every 55 meters in depth as

anticipated. As in the first figure there is a change in

the lasic 71 pattern at the ocean bottom. The terdin-

appears orae accentuated that in the previous figure, but

still suggests the influence of refraction at the ccean

ot tcz.

figure . 12 displays transmission loss frcx 1-150
meters tc East the apex at a range of 2100 meters. In this

figure, the dominance of the surface reflection mechanism is

less civicus and the 71 patterns become more complicated. It
iS i. this region that the influence of trapped ncrmal mcde

iropagaticn can be seen. As discussed earlier, as acoustic
energy travels up tie slope toward the apex, normal modes

are cut off and energy is transmitted into the tcttcz.
AccordinS tc adiabatic normal sode theory, mcdal separation
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is rarge deiendent (Gzaves, Nagel, Uberall, and Zaur, 1S75

and CcpEems and Sanders, IS80). The ranye from the aFex at

which tkie lcwest mode is transmitted into the bottom, can be

calculated using the clclowing equation (Coppens, Sanders,

Icanncu, and Kawamura, 1978):

x A ?/4 SIN&,TAN(?

wkere:

I = DumE Distance Of The Lowest .cde

o = Navelergth

&t= Critical Angle

= Wedge Angle.

According tc adiabatic norsal mode theory (Kinsler, frey,

Coppers, and Sanders, 1982), in deep water (near the source)

the lcwer normal modes are far above cutoff and the adia-

tatic elgenfunctions consist cf an integer number cf half

sine &aves with zerc iressure at both the top and tcttom

surfaces. At the cutcff of each mode, the iressure at the

rotten ui-st be iaximi2ed- resulting in an adiabatic eigen-

functicn that contains 1/4, 3/4, and 5/4 wavelengths at the

respECtive cutoff distances of 1X, 3X, and 5X for the three

lowest acdes. Ezon ligure 2.14 it can be seen that as the

ncrmal mcdes travel uF the slcping bottom, succesive nodes -

are forced into the kcttom at distances where a particular

node reaches a depth at which it can not longer Ercacate.

Also fxcm the figure it is cbvious that a source set at

mid-depth can nct excite the second mode. Since tkis

particular ceometry is present in the tank scenaric it is

expected that the energy asscciated with this seccnd mcde

should rot be seer. Based on this line of jhysical

zeasc.inG, modes should be dumped into the sediment at the

first dump distance, fifth dump dis tance, ninth dum.-
distarce and so on. It these modes are dumped as descrited
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:figure 2.14 Norzal Mode Prorcogation in a Vedge Shared Ocean. I...

then they slould be seen in the contour plot as reductions

cf trarsiiission loss in the bottom at ranges of 1952 meters, -
1760 seter-s, 156e meters, ar~d so on. |..

# r2 i Figure 2.12 it can be seen that there is an-

obvious decrease in transmission loss at approximately 1S50,.
eterE (dump: distance #1) and 1760 meters (dump distarce

15). 7bere is also a less clearly defined reducticn in ILalonS te tottom at 1565 meters (dump distance #9) Ocean.

the final cortc t ure 2.13) shows transmis-

sion css contours from 1550 meters to 2300 meters. Ibis
figue is ar extensic of Figure 2.12, intended to ezhasize

bow clearly the beac at the 1irst dump distance is defined"
in the alots t he eam at the fifth dump distance is alsoeie

3SS
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visible lut is not nearly as well defined. Frcm this figuro,
cne ca. alsc see an indication of a very narrow heam ir the
sediment at about 186C meters. Ihis distance correspcnds to

the tkird dump distance (second normal mode). Based cr adia-

katic mcde theory tie seccrd mode is not expected tc he

excited. Hcwever, adiabatic mode theory is only an aE;roxi-

zaticz cf rcrmal mode behavior. This approximation cf ncrial

mode behavior teccies less exact as the bottom sicpe

increases and the clcser the source is to the ajex. The

appearance cf a narrcw beam at the third dump distamce indi-

cates that there is a strcng possibility that the seccnd
acde is present and that the adiabatic apiroximatic is rct
exact with a ten degree bottca slope.

The basic features of the IFD contour Flots are
consistent with bot physical reasoning and theory. Easic
surface reflection and bottom refraction occur h.iere
expected ard behave as anticipated. In the far field,
trapped norsal mode propagation is observed and can le veri-
fied sith simple dual distance calculations. The location of

leams dufped into tie bottom appear consistent with lasic

mode theory. In short, the transmission loss contours indi-
cate that the IED is making reasonable predictiors c the
acoustic field in a stallov water environment.

5. erification Sumary

It is difficult to say how exact the IFD predicticns

are fcr a shallcv water environment based on these simple
verilicatiox techniques. As a minimum it can be said that
the mcdel results are at least consistent wit4 other aodel

iredicticns and exlectations based on simple physical

reasczins. Model estimates are virtually the same as the
Jenser and Ruperman if model in regions not influenced by a
watersedizent toundary. Clcse to the boundary the lFD

zesults appear to shcw greater detail and variaticn than
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this 1Z zcdel. The 11D results also appear consistent with

the genezal trends in iressure amplitude predictecd ty the

Coppers, Huiphries, and Sanders ima.e model. Again differ-

ences eze toted in tle small scale structure. Fimally, the

2FD 21 ccntcurs verifj well with Lasic expectations kased on

physical reasoning and theory. Surface reflecticr and

kottcz refraction patterns are observed as anticipated. Zar

field acrual mode Excpagaticn can be verified in the jlcts

using citile dump distance calculations. In short, all vezi-

ficatic. methods attempted, fail to uncover any ircorsis-

tency in lMt performance in a shallow water environment.

4.
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I. EICECULND"-

7be za-jcr attempt at apiraising IFD performance iniclved

compazirg model results with latoratory measurements. 7e

shallcu hater envirorsent modeled in the tank is very ideal-

ized; a ten degree sloping sand bottom with an iscvelccitj
hater cclusn. Altbcugh this scenario appears eitererly
simplistic, it is ore that can be reasonably modelec ir the

laboratcry and still approximate conditiors in an actual

shallcw hater ocean environment. The methods used tc zodei
and measure the accustic field are relatively untested.

Indeed, this attempt at laboratory modeling was perfcraed
mot cnly tc verify Ir predictions, but also to see if the
envircrment could be successfully modeled in the lakcratcry.

E. IIE IINTAL DESIGN

1. The Tank

A fiberglass Coated vocden tank was used. 7he tank -

is 304 centimeters it length, 117 centimeters wide ard 95

centizeters deep. Sand filling the bottom of the tank was
".- shaped tc form t. ten degree sloping bottox, and

measurements were taken over a range of two meters. Maxiaum

hater depth in the tank was 35 centimeters. A 100 kHz

source bas placed at mid-chamnel depth (17.5 centimeters).

* The laycut cf the tark is depicted in Figure 3.1.

42



0

OMM

ol E
I-J 0

cc UU

a 0

00

434



A slope of ten degrees was selected for several

reasons. IC begin with, even though a ten degree slcpe is

greater than most ocean bottom slopes, it is still small

enough tc be considered realistic. Pernaps most important,

the ten degree s1cle was selected because given the

frequency limitations (discussed later in this chapter) and

range limitations, this wedge angle allowed the source to be

;laced many (41.6) dump distances from the apex. A large

number cl dump distarces was necessary to simulate a distant
source.

Ihe bottcm material used in the eiperiment was #30

fine crade sand. The grain size ranged fromn 0.15 millimeters

to 0.20 ailimeters. The sand was treated with a technique
used ty Eaek (1984) tc remove air from the sediment. This

technique used a high speed jet to agitate the sand/uater

mixture to remove tke bubbles and then allowed the sand to

settle fcr several days before the experiment was initiated.

fresh(tap) water served as the medium in the tark.

lo regove air bubbles, the water was allowed to settle in a
settling tank before being transferred to the exFerimental

tank for use. The water in the tank was periodically treated

with chlcrine bleach to prevent the growth of biclcgical
saterial.

L.EiSaL4 GeneSXaing/Reci]in a g im.ent :.

7he acoustic signal used for the measurements was

produced by a functicm generator, sent through an amplifier
and then transmitted into the water by a directional trars-
ducer resonant at 100 kHz. 7he dimensions of the active face

cf the transducer were 7.0 cm in width and 2.0 cm in height.
These dimensions resulted in an approximate beamwidth (an.Lie

from the acoustic axis to the first theoretical null) of
11.9 degrees in the horizontal and 46.3 degrees ir the

vertical. The narrow horizontal beam minimized reflecticns
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from the sidewalls cl the tark, while tho wide vertical team

allowed ccplete er.soniiicaticn of the chanzel in the
vertical di.ensicn.

Ike signal was received ty an LC-5 omni-directioral

hydrcihcre, sent thrcugh an asplifier and filter, and then

displaled cn an oscillosccpe and voltmeter. A schematic

showing the electronic setuF is shown in Figure 3.2.

A frequency cf 100 kbz was selected for tuc rac-
tical reascns. First, to avoid particle scatterirS t- the

sediment, the acoustic wavelength %ust bt at lea-t thie

times larger than tle grain size of the sedim.ent (A.dersor

and lielermann, 196E). The largest grai. size in tht sand

%as C.C7 cm, so that a wavelenth o! 1.45 cm(100 kEz) %as
sufficiertly large erough to be immune to this effect.

Second, the 100 kHz freguency and the properties of the sand

provide a dump distarce that is smal. enough to allcw the

source tc be positiored many dump distances from the apex.

Shaing the sand bottom into a ten degree %edge with

a unifcm and smoott interface proved to te a lcng and

tedicus pxrccess. c facilitate this modeling, wcoden
suppcrts (two-by-four-) were mounted a.onq the length of

toth sides cf the tark. These supports were elevated at cne

end cf the tank to achieve the required ten degree slope. A
scraping device was ccnstructed with wooden supports and a

metal scraping blade that extended across the width cf the

tank. Ihis scraping device consisted of wooden supports
along the top that reached across the tank and cculd be
pulled alcng the elevated wocden supports on both side of

the tank. Ibis scrapirg device was pulled along the supports

repeatedly until a siooth slope of ten degrees was sculp-
tured frc the sand.

Eiles had tc be drilled into the metal scrain--
1lade because when a solid blade was used in the shallow

;orticm cf the slope, water trapked behind the tlade was

.-
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1.) LC-5 HYDROPHONE.
2.) AMPLIFIER (HP 465A).
3.) ELECTRONIC FILTER (SK 302).
4.) OSCILLOSCOPE.
5.) VOLTMETER (HP 400D).
6.) FUNCTION GENERATOR WAVETEK 116.
7.) FREQUENCY OSCILLATOR (GR 1310).
8.) AMPLIFIER (HP 467A).
9.) FREQUENCY COUNTER (HP 5233L).

10.) 100 KHZ TRANSDUCER.

Figure 3.2 Blectranic Egiiipment Schematic. 17
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forced keneath the scraper gouging the smooth bottoz. This

tottcz mcdeliny techriiue was slow because, once a Eass %as
made cver the bcttcx, the water became turbid and it was

then imkcssible to see the bottom. When the bottom was rot

visitle, it was imicssible tc see where further saccthing

was necessary until the water settled several hours later.
In addition, as this smoothing process continued a silty

residue tecame separated frcm the sand and settled cut on

top cf the sand. Tlis residue would be easily resusiended
and eventually had tc te removed using a water syphon.

C. 111ASUEZIENT PEOCI..ES

Measureaent of tke pressure field within the water was
done by icwering the receiver in depth at specific ranges of
interest. The receiving hydrophone was attached to a pair of

micrcaeters at right angles to one another, that was in turn

tolted tc a board which spanned the width of the tark. Once

the kcard was placed close to a range of interest, cne

aicrcieter was used to give fine adjustments in range and

the Ctter in depth.

Tbe seasurements were subject to both an accuracy and a
precisicn error. On a given day, with the water level fixed

and the crcss-tank support set at a particular place in the

tank, it was possible to ;osition the receiving hydrcfhcne

with an accuracy in depth and range of plus or winus 0.06

centimeters (one tuir of the micrometer). *o prevent the

sand 'inland' of thE apex frcm drying out when not taking

measurements, enough water was added to the tank after each

data run tc keep the sand cczpletely submerged. The next

time mieasurements were taken, water had to to ke removed

from the tank to reestablish the beach. Because of thEse

small changes in the water level the horizontal Fositicn of

the teack was subject to a precison error estimated to be

vithir Ilus or minus cne centimeter.
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7be final decision asscciated with the meaEurererts

centered cn whether tc use a triggered pulse cr a ccttiLucus

wave(CV) signal. With a triggered pulse it was kossitle to
distirguish the received signal from interference caused by

reflecticns off the side of the tank. On the other lard, ty
using a triggered pulse there was a possibility that the

pulse length was not long encugh for the acoustic er.Legy
associated with laths reflecting off the top and Lcttcm of

the hater cclumn to cverlap the direct path from the scurce
to receiver. A Ci signal wculd avoid pctential pulse le 'thIpoblems, tut it would be impcssible to distinuish letween

the actual signal and interference. The use of a source with

a nazrcw horizontal team reduced the effects of rellectic.s

iron the side walls, but there was still the possibility of

interference from side lobes reflected from the sides.
It was necessary to determine the best means tc take

seasuzemEnts. This tas done ty taking measurements at the
same location with different pulse lengths to determire the

xeguired pulse length to give consistent results and then

comparing these results to those obtained with a CW siGnal.
7he third dump distance (14.4 cm from the apex) aid jcst
last the tenth dump distance (50.0 cm from the apex) were
chosen, and measurements were taken for pulsed signals cf 64

and 2 6 cycles, and a CW signal. These measurements can be
seen in figure 3.3 through figure 3.5. In the figtre

depicting results at the third dump distance, the CW
leasurements are shobr, as the solid curve, tha 64 trigger
cycle results are dislayed as circular points, and the 256

trigger cycle results are depicted as triangular points. lor
clarity, the measurements taken just past the tenth du.p

distarce are shown ir two figures. Figure 2.4 compares C

results (solid curve) with the 64 trigger cycle sigral
(circular joints). Figure 3.5 compares CI aeasurezents

4solid curve) with the 256 cycle results (circular points).
46.
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figure 3.3 kulse lengtb Analysis at 3.0X.
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Figure 3.4 luise Length Analysis at 10.4X.
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NORMALIZED AMPLITTUDE
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Zigure 3.5 Eulse length Analysis at 10.4X.
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The pressure amplitride values were normalized by dividing

each iressure value ty the maximum pressure value ir the
field. Tie depth values were also normalized b I diviin 

each depth ty the maximum depth.

Ibhe results in figure 3.3 show gocd agreemci,t tetweL.

the tiree curves. In particular, the results Icr the C-
signal ard the 256 cycle signal are very similar. Ite 64

cycle signal shows tie same behavior as the CW sigral, rut

differs in zagnitude telow zid-depth.

The results at 5C.0 cm ficC the apex appear much moze
complicated than at the third dump distance. Figure 3.4

ccmpaxes results acteived with the CW signal ard the C4

cycle signal. From the figure it can be seen that the two
sets cf results shcw good agreement. The measureents

depicted in Figure 3.!, which ccmpares the 256 cycle signal

and the Cl signal show poorer agreement, although the
general shapes cf both curves remain similar.

Ilkese results irdicate that interference from the side
ualls is sufficiently small sc that it is possible tc make

measurements with a Ci signal to at least ten dump distance.
from the apex. Lonq pulses could also he used, hut the

difficulty cf makinS voltage seasurements with an cscillo-

scope ccmpared to reading a voltmeter, dictates that

seasurements should ke made with a CW signal.
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IV. IODIL BESULT CCEEARISONS i1A "ABOATOBY MEUSUREETIS

A. INICLUCTION

IfD acdel predictions and laboratory measurements were

cbtained fcr comfariscn in toth a general and detailed anal- 9
ysis. The general analysis compared results ever five

centizeteis from the beach to a range oi 50.0 c. fzci the

leach. The measureaents %ere spaced to give iesults at

arprczimately each cf the first ten dump distances. Ihe 

detailed analysis cclared results every centimeter frca .3.0

to 11.0 cm from the alex. These measurements were taken to

cbserve the sensitivity of the pressure field to small

changes ir range.

B. TEE C!IkRAL INAISIS

lie general anlysis compared IED results and latczatcry

measurementE at appzcximately each of the first ten dump

distarces (every five centimeters from the beach). ShEse
measurements were otained by fixing the receiving hydzo-

phone &ith respect tc the crcss board and then moving the

toard out in increments of five centimeters to measure the

desired field as a function of depth at edch range. 'ATe

received CW signal was read on the voltmeter.

lie ccmpariscns are shown in Figure 4.1 through figure
4.10. In the figures, the IFD Fredictions are displayed as a

solid line while the experimental measurements are sbcwn as
circles ccnnected by a dashed line. Each pressure value was
normalized to unity ty dividing it by the maximuz 1ressure

value for the respective curve. The depth values were also

normalized ly dividing each depth by the maximum depth in

the water cclumn.
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Jigure 4.14 Comparison at Results at 4.2X.
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figure 4.5 Comparison of Results at 5.2X.
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5%



NORMAL I Z.'r. AMPL ITUDE"( P/PMAX)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.1-

0.2- 
I

0.3-

0.4- G

0.5-

0.7 k

0.8-

0.9-

1.0-

-IFO TIOOEL RA9NGE 7. 3X
' ' EXPERIMENTI9L

figure 4.7 Comparison of Results at 7.3X.
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In Senexal, the Iressure Eatterns predicted by the IFD

and those seasured, both become more comjicated as the

range frcm the beach increases. At all raagas, there is

qualitative agreement in the scale of the predicted featurez

and tle scale of the neasured features. Quantitative agzee-
zent is lacking. This agreement in scale but not detail,

suggesits that the phases amcng the normal modes predicted by
the xcdel do not accurately reflect the exp erizental

situatict.

C. I £EIA1LED ANAIISIS

71e detailed analysis ccpared IFD values witn experi-

mental measurements every centimeter from 3.0 cm to 11.0 cm

from the leach (0.7X to 2.3X). The laboratory measurements

were taken by fixing the koard at one iccation and then-
using the micrometer to adjust the receiver to the desize.

range. Ile received CS signal was read from the voltmeter.

-ese results are depicted in Figures 4.11 through 4.19.
In the figures, the lED predictions are shown as a solid

line and the experimental measurements are displayed as

circles. lach pressure value was normalized to unity by

dividing it by the xaximum pressure for the respective

curve. 7he depth values were normalized by dividing eaca-

depth ty the maximum depth at the particular range.
7kere is jualitative agreement in the scale of the tasic

features fcz all ranges, but guantitative agreement is rot

cbserved. Ile IFD patterns change very little throughout the
analysis, while the measured values change more rapidly

Jespecially past 2.0). The results at 2.1X and 2.3X
(Figure ,.1E and Figure 4.19) show that the pressure field
can change fairly significantly over a range as short as cne

centimeter. At those ranges where there is poor agreement
tetweEn results, there is an indication of 1hase
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figure 4.12 Comparison of Results at 0.8X.
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figure 4.16 Comparison of Results at 1.7X.
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interference (Figure 4.18) . For distances less than 5X,

theozy predicts that for a source at mid-depth, t~ie lcwest

iro.-agating mode sliculd experience interference frcm only

the evanescent tails of higher modes. Therefore, ir the

regicz cf the detailed analysis, oile expects sm al..
interference effects. The experimental results in this

.regicu however, shcu rather significant interference. The

interference suggests unsuspected propagating modes are

presext, cr that the evanescent tails are larger than

expected. from the tzend in the carves it appears as if the
phase interference is not a iactor from 1.5X inward tcward

the teack (figures 4.11 througb 4.15).
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A. CCECIUSIONS

1. ," lance Sf th E oe

This analysis of the ID acoustic moiel did rot.

uncover any major failures ci nodel perforzaace in a sizipli-

fied shal.1cw water environment. But this is not to say that

the scdel consistently and accurately performs in such an

ccean scenario. Altbcugi comparison of IFD predicticns with

* two ctker mcdels and %ith simile physical reasoning did not

uncover any inconsistencies in performance, the agreement
k etween ITL values and labcratory measurements is insuffi-

cient tc give complete confidence in the performance of

either tie zodel or ti7e experivent.

7beze is reasonable agreement between the scale of
the features prec3.ctfd by the lID model and the ex~erixert.

Eoth the model and the measurements show increasing

* complexity as range is increased from the beach. But des-ite

*the sixilarities, tkere is Foor guantitative agreemert in

results. Cre possitle cause for the differences may ke that

the phases of the acuzal mcdes predicted by the mcdel are

* extrezely sensitive tc minor irregularities in the shale of
*the intezface and tie acoustic properties of the tcttcu.

ireliuimary work (LeSesne, 1984I), suggests that the lhase

relaticniis betweer modes is strongly dependent cn the

distarce of the source from the apex even at great ranges.

Consecuently, it allears that the collective influence of

the norial modes is dependent upon careful geometric ccntrol

cf the experiment.

Ite detailed analysis around 2X, reveals that large
* phase interferences cccur where only one propagating mode is
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expected. Inis indicates the existenc. of an eA tene2 .d

evanescent tail withir cutoff ci the hi~her wodes. Eawazcra

and Icanrcu (1978), noted that the apparent phases cl the

evanescert tails are extremell sensitive to the letails of
the ervixcraent. The results indicate that the tail dce rot

decay quickly, and its influence is pervasive (Figure-s 4.2

and 4.3). From the trend in the curves, it appears this

phase interference is not a factor any closer to the keach

than 1.5X (figures 4.11 through 4.15).

2. odelinMeasurement Erccedures

The laboratcry measurements represent an initial

attempt at iodeling at idealized shallow iater . nvircLmert.

7he exlerimental techni.ues are not without problems. All
sets cf measurements were repeated and showed gcod agree-

sent. Ite reproduciilitj cf the measurements suggest that

randcs errcrs have leen minimized. However, sycteratic

errors remain which also contribute to the discre~ancies

ketween predicted and measured values. Some of these exrcrs

derive ircm equipment, such as the fact that the size cf the

hydrclhone is of the same order of magnitude as the scale c-..
variaticrs in the pressure field. In addition, the envircn-

sent in the tank may nct be sufficiently close to the ideal
envircnment assuged ky the iodel.

E. RECCflh1UDATIONS

ftitter study and verification of the 1FD computez model

is reccmmended. A ccmarison of IFD predictions with ctler

models nct analyzed in this study, may uncover the cause of
the inccnsistency wken compared to measured values. A

detailed study of the pnase interaction oi the naroal mcdes,
althcugh extremely ccmplex, may also offer insight intc the

IID lexrcrzance.

76

e. . .**°

** ~~~*'~-g%-- . ~ . N.

* ~ -- -°"



It aliears that the mcd~lin of an idealiLed shalow

water -eMVi1CnMent. in the laboratory is of vaiue in acoustic
zodel vezification. Lespite the experimental difficulties,

there was gualitative agreevent in the basic featuzes

letween scdeJ. predictions and laboratory measurements. But

the exiezisent represents only an initial Frobe into tile
sodeling,#.easurement. techniques of a shallow water envircn-

* a~ent. Further relinesEnt of these techniiats and the xe-

aental e~uipment nay result in better yliantitaiv i'

bewe. modiu ;relict a5.i .
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A. 12.CLECTION

This 1A.enix describes a Erocedure for running the 'I .

contcur Elct on the NIS comsuter. Detailed instructions for

runnirg the IFD 1rogzam can be found in Jaeger(1983).

2. CCEIING THE EILE COE US!

Cce tie TI values have been generated by the 1'D

;rogiaz, all that is needed to Froduce a TI contour pict is
the file EICTS FCETRBA. This file is shcv, in Appendix E and

can le ccpied froa a coslutex account maintained ky the

Undexbater Acoustics Curriculum. To link with this account
and ctain a coy of the file, the user should prcceed as

tcllcbs:

(1) Lcg cn termina3.

(2) Enter: CP LIhR 0160P 1S1 195 BE

(3) Wien Froalted for the read passwcrd enter: OX

(14) Enter: ACC 195 C

(5) Enter: COEY PICIS FOSTEAN C = = A

At this Ecint the PICTS FOETAN file should reside cm the

user's A disk.

C. EDDiNG THE EUOGAM-

Efcze tunnirg ti- program the user must obtain the TL

values fic. the IFD ibogran. These TL values must te sent to

..- ..-, . .

A -~ S - . -:,-. *-. " -*



a data disk in crder lor the ILOTS program to be able tc se"

them. Ibis can te dce by placing a WRITE statement in the

1FD xcgrau that sends the values to a data disk. Tbe zodi-

fied 11D depicted in Ippendix I uses this technique and can

"e used as a guide.

Crce tte data disk has teen created, the user stst

assign tesacrary disk space (ZDISK) to give the ;rcgram

°" sufficiert zoos to generate the 11 contours. For mcre infcr-

saticz cn how to assign temporary disk space, see PS

2echnical Ncte TI-VM-Cl which is availible in the ¢c;uter

consultartts office.

1ith these initial steps ccmpleted, all that remains is

to ccsaile and run tke program. The program can be ccmfjied
* y: i

Emter: FCETGI PLOTS

Uhe lrogras must be run at the TEK618 graphics tersiral

under DISSPIA. This can be dcne by:

Enter: DISSPLA .

The user will then te prcapted for the compiled Ecitran ,-

program rase and the lile definitions for the data disk,
lefore tke program will run.

I-

jlie
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SOONCE ZIPIH SENS2IVITY ANALYSIS

1 i- the labozatcry experiment, two suEplamental sets

cf measurements were taken to obtain an indicaticr cf the

sensitivity of the pressure aaflitude to changes in the

source depth. The first set of measurements was ottained by

varying the source depth bith the receiver fixed at 1.OX

(4.8 cm frcs the beach), and lowered in depth to the tcttcm.

For tie seccnd set of measurements, The receiver was fixed

at the third dump distance (14.4 cm from the beach), and

zeasuxements were taken with the source fixed at 5, 7, 9,

11, 13, 15, 17, 19, 21, 23, 25, 27, 29, and and 31 cs from

the scrtace.

The results of the first analysis are shown in Figure

D.1. In the figure, pressure was normalized by dividing by

the xauisum pressure and depth was normalized by dividiry by

the delth cf the water column. Although theory predicts only

cne propagating mode at this distance, the results show
modal phase interferexce.

7he results cf tle second analysis are shown in Fi9gre

E.2 tkrcugh Figure D.e. In the figures, each curve repre-

sents a set of measurements taken with the source fixed at a

specific depth. Fox convenience, more than one curve is

shown cn a Liven figure. All pressure values were norsalized
by dividing by the t.e maximum pressure in the field. Ihe

depth values were acrmalized ty dividing by the maxiaum

water depth.

lr general, at .-.OX there appears to be modal jhase

interference which is influenced by source depth. Giver the

roughness of this analysis, the details of this interference

are okscuze. However, the nodal interference does not appear

117



*to be incorsistGnt. uith eitber the 1lacement of the scuice

* cr with the previous exrperiaental measurements.
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NORMALIZED HMPLITUDE
0.0 0.2 0.4 0.6 0.8 1.0

0.0- I

0.1 - MERSURED VALUES

0.2-

0.3-

0.4-

0.56

0.7-

0.8-

0.9 0

1.0-

fIg or* D. I Scoce Sensitivity analysis at 1.01.



N 0. R 1 Z 5. '"-

0.0 0.2 0.4 0.6 0.5 1.0
0.0- I

- SuRCZ lr?Th- 5 C
0.1 SGURCZ CEPTH 7 Cl

~-SGURZ DEPTH 9 Cl

0.2-

0.3

Q4-Q

0.6-

0.7-

0.8-

0.9-

Eigur* D.2 measurements with Source Depth of 5, 7, and S Ca.
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0

0.0 02 0.4 0.5 0.8 1.0

0.0- I-

- SOURCE CEPT-1 11 CM

0.1 SOURCE CEPTH 13 Cr,

'-SOURCE CEPTI, !5 C11

0.2-

0.3-

0.4 p

0.6-

0.7-

0.8-

0.9 b

RANGE -3.0X

ligUZe D.3 Beasureafnts vith Source Depth of 11, 13, and 15.Cm.

-N 1n1



7 -7

NORMALIZEO0 AMPLITUDE
0.0 0.2 0.4 0.6 0.8 1.0

0.0-

-SOURCE CEPTS 17 CM
0.1 : SOURCE CE17Th 13 CM

SSOURCE IEF7H' 21 CM

0.2-

023-

0.4-

0.5-

0.7-

0.86

0.9-

1.0-

RANGE -3.OX

figure DA4 mea-curexzats with Source Depth of 17, 19. and 21 Ca.
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NORMALITZED RMPLITUDE
0.0 0.2 0.4 0.6 0.8 1.0

0.0-1I

- SOURCE DEPTH 23 CM
0.1-' SOURCE DEPTH 25 CM

SOURCE DEPTH 27 CM

0.2-

0.3-

0.4-

*- 0.5-
N .

0.6-

0.7 V

0.8-

0.9-

1.0-

RANrGE -3.OX

Piguss D.5 Measurements with Source Depth of 23, 2!, and 27 Ca.
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NORMALIZED AMPLITUDE
0.0 0.2 0.4 0.6 0.8 1.0

0.0--

- SOURCE DEPTH 29 CM

SSOURCE DEPTH 31 CM

0.2-

0.3-

0.4-

N. 0.5-

0.6-

0.7-

0.8-

0.9-

1.0*

RANGE -3.OX

ligux. DA6 feasuremants with source Depth of 29 and 31 Ca.
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